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Nelson, Darin Patrick. M.S. Civil Engineering. The University of Memphis. Au-
gust 2014. Cost and CO2 Optimization of Reinforced Concrete Beams using a Big Bang-
Big Crunch Algorithm. Charles V. Camp, Ph.D. 
 
A multi-objective optimization of CO2 emissions and cost for the design of rein-
forced concrete beams developed. The analysis and design procedures are based on speci-
fications prescribed by the American Concrete Institute (ACI 318M-11) and Eurocode 2 
(EC2) for concrete design. Two, three, and four span continuous beams are optimized to 
meet strength and serviceability limits of each code and then compared. In addition, cost 
optimization only is used to compare results with results from another publication. The 
multi-objective optimization uses a hybrid Big Bang-Big Crunch algorithm. Pareto fronts 
for cost and CO2 emissions are developed for design examples to compare the theoretical 
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 The main purpose of structures is to provide safety against collapse while at the 
same time to provide serviceability to the users. Reinforced concrete (RC) beams are 
used in the construction of many types of structures such as bridges, dams, buildings, etc. 
Due to its low cost, high strength, durability, and many other factors, reinforced concrete 
has been widely used in construction all over the globe. Concrete has been used for thou-
sands of years starting with lime mortars from 12,000 to 6,000 BCE in Crete, Cyprus, 
Greece, and the Middle East (Nilson et al. 2010). Since then concrete has evolved into its 
modern form as it is today. With reinforced concrete structures being a major part of so-
ciety today, safe and economical designs are essential to provide public safety. 
Carbon dioxide (CO2) emissions from various sources continue to be a growing 
concern that has spread to all sectors of industrial production. With the cement industry 
being responsible for 5% of total global emissions of CO2 (Worrell et al. 2001), the con-
struction sector is a significant source. Cement is the major constituent material of con-
crete, and the CO2 emission from concrete production is directly proportional to the ce-
ment content used in a concrete mix. Roughly 100 kg of CO2 is produced for every one 
ton of concrete. Various research efforts have focused on the production of environmen-
tally friendly cement. However, another useful way of reducing CO2 emissions is through 
optimization of structural design. 
With the world population continuing to rise year after year, demand for reliable 
reinforced concrete structures is increasing every day. Since cost is one of the most im-
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portant factors in design, the objective is to use as little material as possible and still meet 
strength and serviceability requirements, which can be accomplished with the use of 
structural optimization. The traditional approach to design does not fully optimize the 
amount of materials. Due to the fact that in most cases prior experience of the designer 
takes precedence over analysis, the amount of materials if not necessarily optimized. The 
amount of redundant materials has been estimated to be as much as 10% (Paya et al. 
2008). The optimum design of a structure not only reduces the cost, but also reduces CO2 
emissions through efficient use of materials.  
Due to the potentially large number of variables and complexity of the analysis of 
framed structures, evolutionary optimization algorithms can be efficient tools for per-
forming structural design. Evolutionary optimization methods have been extensively used 
in the field of structural engineering. Big Bang-Big Crunch (BB-BC) is a newly devel-
oped heuristic algorithm that is numerically simple with few control parameters. Recent 
studies (Kaveh and Talatahari 2010) show that BB-BC methods are computationally effi-
cient for structural optimization. 
1.2 Objective of the Study 
 The objectives of this study is to apply a Big Ban-Big Crunch (BB-BC) algorithm 
to the design of RC beams that conform to  American Concrete Institute (ACI) and 
Eurocode 2 (EC2) requirements and specification to develop low cost and low CO2 emis-
sion designs and to compare the results. To measure the effectiveness of the  BB-BC RC 
beam designs using the  ACI code, the results are compared to designs developed by 
Jahjouh et al. (2013) using an Artificial Bee Colony (ABC) algorithm. 
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In general, RC structures usually have numerous design variables and present 
challenging optimization problems. Another objective of this study is to demonstrate the 
efficiency of the BB-BC algorithm in handling complex optimization problems and to 
compare its performance to the ABC algorithm. 
1.3 Optimization Methods 
 Structural optimization of RC structures is an active area of research in which var-
ious optimization methods have been utilized. Camp et al. (2003), Leps and Sejnoha 
(2003), and Coello et al. (1997) all employed the use of genetic algorithms (GAs) to op-
timize RC beams. Babiker et al. (2012) optimized RC beams using an artificial neural 
network. Barros et al. (2005) used a Lagrange Multiplier Method to optimize RC beams 
to EC2. Leps (2005) used a stochastic optimization algorithm of RC frames. Perea et al. 
(2007) used a heuristic optimization algorithm to optimize RC bridge frames. Paya-
Zaforteza et al. (2009) used a simulated annealing (SA) algorithm to optimization CO2 
emissions from RC frames. Gharenbaghi and Fadaee (2012) utilized a particle swarm op-
timization algorithm to optimize RC frames under earthquake loads. Kaveh and Sabzi 
(2011) performed a comparative study of two meta-heuristic algorithms whilst optimizing 
RC frames. Garcia-Segura et al. (2014) optimized RC I-beams using a new hybrid glow-
worm swarm algorithm that is combined with an SA algorithm to obtain encouraging re-
sults.  
1.4 History of Optimization by Heuristic Method 
One of the first researchers of a genetic algorithm was Goldberg (1989). Rajeev et 
al. (1992) who expanded the application of GAs into discrete design variables to obtain 
the optimum weight of trusses subjected to stress constraints. Adeli and Cheng (1994), 
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and Rajan (1995) then used GAs to develop the optimum design of truss structures.  The 
optimum design of steel frames with web openings using an evolutionary algorithm was 
performed by Lagaros et al. (2008). Zieliniski et al. (1995) used a GA to optimize rein-
forced concrete short tied columns with applied axial forces and bending moments.  The 
optimal design of reinforced concrete biaxial columns with the use of a GA was per-
formed by Rafiq and Southcombe (1998).  They attempted to show how a GA conducts a 
global search to identify the optimal reinforcement bar sizes and bar detailing arrange-
ments. Rajeev and Krishnamoorthy (1998) optimized a two-dimensional frame using a 
GA. 
Ceranic et al. (2001) presented designs of reinforced concrete retaining structures 
subjected to earth and hydrostatic pressure. A modified simulated annealing (SA) algo-
rithm was used for this design which improves convergence to a minimum cost. The ob-
jective function was comprised of the costs of reinforcement, concrete, and framework. 
 Lee and Ahn (2003) proposed a GA based design of reinforced concrete frames 
subjected to gravity and lateral loads. Difficulties in optimizing sections from a large so-
lution space are reduced by constructing data sets that consist of sections and reinforce-
ment. The objective function contains the cost of rebar and concrete in beams, rebar and 
concrete in columns, and formwork in both beams and columns. Constraints are based on 
bending moments in beams and interaction diagrams for columns.  
Sahab et al. (2005) showed the cost optimization of reinforced concrete flat-slab 
buildings. The objective function was optimized based on the costs of floors, columns, 
and foundations. The first step in this optimization process is to perform an exhaustive 
search to find the optimum column layout. A GA is then employed to obtain the column 
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dimensions and slab thicknesses. Finally an exhaustive search is used to find optimum 
number and size of reinforcing bars in each member.  
Govindaraj and Ramasamy (2005) used a GA to find the optimum design of rein-
forced concrete continuous beams. The only design variables were the cross sectional 
dimensions of the beams. By generating a database of reinforcement templates containing 
different reinforcement bars with pre-specified patterns, areas of longitudinal steel were 
converted into a least-weight detailing of steel. The objective function included the cost 
of concrete, steel, and formworks.  
Zou et al. (2007) performed a multi-objective optimization for reinforced concrete 
frames.  The initial material cost was expressed in terms of the design variables in order 
to formulate the total life cycle cost of a reinforced concrete frame. The damage loss was 
a function of seismic performance levels. The life cycle cost of reinforced concrete 
frames was minimized. The best solution was found by a Pareto optimal set based on op-
timality criteria approach. 
Yepes et al. (2007) optimized earth retaining walls with an SA. Twenty variables 
were included in the formulation of the problem. The objective function was comprised 
of the costs of concrete, reinforcement, formwork and excavation fill. 
Perea et al. (2007) optimized reinforced concrete frame bridges using a parallel 
GA and a mimetic algorithm (MA). The optimization had 50 design variables. The varia-
bles included variables defining reinforcement bar diameters and lengths as well as three 
types of concrete. It was determined that a parallel MA is more efficient than the GA.  
Barakat and Altoubat (2008) presented evolutionary-based optimization proce-
dures for designing conical reinforced concrete water tanks. The objective function in-
6 
 
cluded the cost of concrete, reinforcement, and formwork required for walls and floors. 
The design variables consisted of the base thickness, wall thicknesses, wall inclination, 
and the depth of the water tank. Three optimization techniques were used to obtain the 
optimum solution: shuffled complex evolution (SCE), SA and GA. After several tests, the 
SA and GA proved to be inferior to the SCE technique. 
 Paya et al. (2009) presented a CO2 optimization of reinforced concrete frames by 
SA. Two objective functions were examined. The first was based on CO2 emissions and 
the second was based on the economic cost of reinforced concrete framed structures. The 
results showed that the lowest CO2 solution is not the lowest cost solution.   
1.5 History of Optimization by BB-BC Algorithm 
In this study, a BB-BC algorithm is used to design reinforced concrete frames. 
The BB-BC algorithm was proposed by Erol and Eksin (2006). In their work, they de-
scribed how BB-BC modeled the beginning of the universe by generating random points 
in Big Bang phase and then shrinking those points to a single representative point, the 
center of mass, in Big Crunch phase. The performance of BB-BC method showed im-
provement over GAs.  
Camp (2007) applied BB-BC to the design of low-weight space trusses. The ob-
jective of the optimization was to minimize the total weight or cost of the structure sub-
jected to material and performance constraints. In this study, low weight design and per-
formance comparisons for several benchmark-type truss structures were presented. 
Kaveh and Talatahari (2010) presented the most recent work on the BB-BC opti-
mization method. They used the BB-BC algorithm for optimal design of skeletal steel 
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structures. More importantly, they proposed a hybrid BB-BC algorithm which improved 
the computational efficiency of the algorithm. 
The BB-BC algorithm has been used in many other structural optimization prob-
lems as well many other fields of study. Kaveh and Sabzi (2012) optimized RC frames 
with the use of BB-BC algorithm. Camp and Assadolladi (2013) used a hybrid BB-BC 
algorithm to optimize RC footings.  Other concentrations have also utilized a BB-BC al-
gorithm for optimization. Sakthivel et al. (2013) used BB-BC to optimize power flow 






REINFORCED CONCRETE BEAM ANALYSIS 
2.1       Reinforced Concrete Beam Analysis 
 The beam analyses of ACI and EC2 follow the same general process with slight 
variations in variable names and the implementation of safety factors to account for un-
certainty. ACI (2011) uses load factors to amplify the applied loads and the EC2 (2004) 
uses partial factors of safety for actions (loads). These are comparable requirements and 
the only difference lying in the values for each.  
 With both codes, the nominal strength of the beam is reduced to account for un-
certainty of material strengths. With ACI, beams are analyzed and a strength reduction 
factor is applied to the overall strength of the beam. With EC2, partial factors of safety 
are applied to the strength of both materials at the beginning of the analysis rather than 
one reduction factor at the end. This allows for the strength of materials to be reduced 
with different values. The partial factors of safety for concrete are higher than those of 
steel. This is due to the fact that concrete fails more rapidly in compression than steel 
does in tension. 
In order to ensure that reinforcement does not become exposed due to concrete 
spalling, a minimum amount of concrete, the cover, is required around the outside of the 
beam to encase the reinforcement. A minimum spacing between tensile reinforcement is 
required such that the full bond strength between the concrete and reinforcement is at-
tained. Assuming full bond strength, reinforcement may be cutoff after points along the 
beam in which it is no longer required for strength. The reinforcement must extend an 
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additional length known as the development length to prevent bond failure between the 
reinforcement and concrete.      
2.2       ACI-318M-11 Load Factors 
 ACI section 9.2.1 provides the load combinations that must be investigated to de-
termine which one is controlling. For the beams in this study, only dead and live loads are 
considered and these values are assigned such that Eq. 9.2.1 (2) of ACI is  
 =  1.2 1.6U D L  (1) 
where U (kN) is the ultimate applied load, D (kN) is the dead load, and L (kN) is the live 
load. The usage of this load combination is ensured by setting the dead load to a value 
that is at least eight times less than the live load. The weight of the beam is considered 
part of the dead load. 
2.3       ACI-318M-11 Flexural Analysis  
The analysis of reinforced concrete beams requires knowledge of the way in 
which a beam behaves after a load is applied. When a beam begins to bend as a result of 
external loading, internal forces resist these loads to create static equilibrium. Figure 1 is 
the stress-strain relationship proposed by Whitney (1937). The section of the beam above 
the neutral axis (N.A.) is concrete in compression and is the steel reinforcement in ten-
sion. Concrete below the N.A. is conservatively ignored due to the fact that concrete can-




In Figure 1, b is the width of the beam, h is the total depth of the beam, a is the depth of 
the equivalent Whitney stress block, c is the depth to the neutral axis, dco and dc are the 
depths to the cutoff and contin 
uous reinforcement, respectfully, and d is the depth to the centroid of both rows of rein-
forcement. The depths dco and dc correspond to the Aco and Ac which are the area of cutoff 
and continuous reinforcement, respectfully. The continuous steel always extends from 
support to support for each beam whereas the cutoff steel is terminated at points along the 
beam where it is no longer required to resist the applied loading. The diameters of the 
continuous and cutoff bars are barc and barco, respectfully.  
The following steps outline the process of analyzing a RC beam as described in 
the ACI 318M-11 (2011) code. The horizontal spacing of the reinforcing bars, horizs (mm), 
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Figure 1. Whitney Rectangular Stress Distribution 
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  = max , 25 mmmin bars d  (3) 
where cover is the distance from the face of the beam to the stirrups and is taken as 40 
mm for all beams, dstir is the diameter of the stirrups (mm), dbar is the diameter of bars in 
the row being analyzed, and n is the number of bars in a layer.  
 The first step in analyzing a beam is to determine the depth d which is the dis-
tance from the compression edge to the centroid of the tensile reinforcement. First, the 
depths to the continuous dc and cutoff dco reinforcements required are computed respect-
fully by 





d  (4) 







h d s  (5) 
where sv is the vertical spacing between rows (mm) determined by ACI 7.6.1 as: 
  = max 25 mm, ,vert c cos d d  (6) 
The depth to centroid of the continuous and cutoff reinforcement is computed by  
 = c c co co
t









where At is 
= t c coA A A  (8) 















where fc’ is the strength of concrete (MPa) and fy is the strength of steel (MPa). In order 
for the beam to be stable, the compressive and tensile forces must be equal. The tensile 
force of the reinforcing steel Ts (kN) is computed as follows: 
 =  s t yT A f  (10) 
The compressive force Cc (kN) is computed as follows:  
 =  0.85 'c cC f ab  (11) 
The depth of the equivalent Whitney stress block a (mm) is determined by setting the 





















where β1 is a function of fc’ and is computed as:  
1
' - 28
 = 0.85 0.85 - 0.05 0.65
7
cf    (14) 
For fc’ < 28 MPa, β1 is 0.85 and for fc’ > 55 MPa, β1 is 0.65. After computing the depth to 
the neutral axis, a strength reduction factor Фf  is computed to account for the different 
failure models of flexure. Figure 2 shows how to compute the Фf and was recreated from 
Figure R9.3.2 from ACI 9.3.2.2. The reason for the variation of the Фf is the predicted 











Figure 2. Phi Factor (Ф) for Flexure 
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The reduced moment capacity 
fФ M (kN-m) of the beam is computed as   









From the locations of maximum moment, the cutoff bars should extend until the applied 
moment is less than the moment strength provided by the continuous reinforcement 
alone. According to ACI 12.10.3, reinforcement shall extend beyond that point an addi-
tional d or 12dco, whichever is greater. This total length is will be called dMM to represent 
the distance from the point of maximum moment. The dMM value should be compared to 
the development length required by the cutoff bars in order to ensure that there is suffi-
cient anchorage to resist the maximum moment. The development length, ld (mm), re-































where the ψt is 1.0 if the reinforcement is placed such that less than 300 mm of fresh 
concrete is cast below the development length (which is assumed for this analysis), ψe is 
1.0 for uncoated reinforcement (also assumed for this analysis), and ψs is 0.8 for No. 22 
bars and smaller and 1.0 otherwise, bc (mm) is the smaller of the cover and shoriz of the 
cutoff reinforcement, Ktr is the transverse reinforcement index and is permitted by ACI 
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12.2.3 to be set to 0 for design simplification, and   is a factor accounting for light-
weight concrete, which is set to 1 for normal weight concrete. The distance that the cutoff 
reinforcement extends from the point of maximum moment is the greater of dMM and ld. 
 The strain in the reinforcing steel is required to have reached the yield point in 
order to ensure that the failure mode is tensile. As shown in Figure 1, if the cutoff steel 
just reaches the yield state then the continuous steel has already yielded. If there is cutoff 
steel, the strain of this reinforcement is checked for yield; otherwise, the strain of the con-
tinuous reinforcement is checked.  The strain in either the cut-off or continuous steel is 
computed by 
(  or )









where c is taken as 0.003 (the maximum strain in concrete before failure). In order to 
ensure that the steel reinforcement fails in a ductile manner when the concrete crushes,  
ACI 10.3.5 requires the minimum strain in the steel be greater than or equal to 0.004.  
With the use of Table 9.5(a) from ACI (2011), the minimum depths of the beam 




















2.4       ACI-318M-11 Shear Analysis  
The nominal strength Vn (kN) of a reinforced concrete beam provide by ACI 
11.1.1 is 
  n c sV V V   (19) 
where Vc (kN) is the nominal shear strength provided by the concrete  and Vs (kN) is the 
nominal shear strength provided by the shear reinforcement. For members subject to 
shear and flexure only, ACI 11.2.1.1 allows the concrete strength to be computed as: 
  0.17 'c cV f bd  
(20) 
ACI 11.7.4.1 requires that shear reinforcement be required where the maximum applied 
shear Vu  exceeds ФvVc. The factor for shear vФ  is 0.75 according to ACI 9.3.2.3. The 
shear force that is designed for is analyzed at a distance d from the fact of the support as 
described in ACI 11.1.3.1. The load carried by the shear reinforcement is then computed 
by: 





   
(21) 
The spacing of the shear reinforcement is computed based on the shear force that is car-
ried by the section analyzed. Section 11.4.7.2 relates the load carried by the reinforce-










  (22) 
where Av (mm
2
) is the area of the shear reinforcement and sv (mm) is the spacing of the 









  (23) 
ACI 11.4.5.1 states the maximum shear spacing as: 
 ,  min , 600 mm2v max ds   
(24) 
Sections of the beam where the shear strength of concrete is larger than the applied shear, 
the stirrups are spaced using Equation (24). When the applied shear force a distance d 
from the support is greater than the shear strength of the concrete, spacing is computed 
using Equation (23) and compared to the maximum spacing. The smaller of the two is the 
spacing from the face of the support to the location where there is no longer shear force 
carried by the reinforcement. Where Vt exceeds 0.33 'cf bd , the maximum spacing is 
required to be (ACI 11.4.5.3): 




If the spacing from Equation (25) is required, it will also extend from the face of the sup-
port to the location where the reinforcement no longer carries any shear force. ACI 
11.4.7.9 requires that:  
,  0.66 't max cV f bd  
(26) 
At locations where the applied shear force is greater than the strength of concrete, the 
spacing of the stirrups must be computed and compared with the maximum allowable 
shear spacing. Cross sections where the concrete can support the applied shear with no 
reinforcement requires reinforcement spaced at the maximum permitted by ACI. The 











where lv (mm) is the length of shear section being analyzed. The quotient is rounded up 
so that a whole number of stirrups is computed.  
2.5       EC2 Partial Factors of Safety for Action 
 For the design of structural members, EC2 requires that the design value U (kN) 
be computed by 
 = G k Q kU G Q   (28) 
where G is the partial factor of safety for variable loads, G is the partial factor of safety 
for permanent loads, Gk (kN) is the variable load, and Qk (kN) is the permanent load. The 
weight of the beam is considered part of the permanent load. 
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2.6       EC2 Flexure Analysis 
Figure 3 shows the equivalent stress block as defined by EC2 and the stress-strain 
relationship. There are no major differences in the stress-strain relations between the EC2 
code and the ACI code. The only difference is that the depth of the equivalent stress 
block. 
The horizontal spacing of bars in the same row is computed the same it is for ACI 
but the minimum spacing per EC2 8.2 is given by  
  1max , 20 mmmin bars = k d   (29) 
where the recommended value of k1 is 1. 
 
Figure 3 EC 2 Reinforced Concrete Beam 
 The same variables that are used in the ACI section and the same process are car-
ried out with EC2 from Equation (4) to Equation (5) and Equation (7) to Equation (8). 
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A = bd bd
f
  (30) 
where fctm is the mean axial tensile strength of concrete (MPa) and fyk is the strength of 
steel (MPa). The mean axial tensile strength can be found for select values in Table 3.1 in 
EC2 (2004) or can be computed by 
2
3
 0.30ctm ckf = f  
(31) 
where fck  is the strength of concrete (MPa). For the beam to be stable, the compressive 









  (32) 
where Fst is the tensile force (kN) and s is the partial factor of safety (for steel s = 1.15). 







  (33) 
 
where Fcc is the concrete compressive force (kN), s (mm) is the depth of the equivalent 
rectangular stress block, and c is the partial factor of safety to concrete ( c =  1.50). Set-























z d   
(36) 









where M is the moment capacity (kN-m). From the locations of maximum moment, the 
cutoff bars should extend until the applied moment along the beam is equal than the mo-
ment strength provided by the continuous reinforcement alone.  
According to EC2 6.2.2 (3), reinforcement shall extend beyond the point at which 
it is no longer required to resist flexure for a distance equal to the d. This total length is 
will be called dMM and represents the distance from the point of maximum moment. This 
value should be compared to the anchorage length required by the cutoff bars in order to 
ensure that there is sufficient anchorage to resist the maximum moment. The anchorage 
length, ld,req (mm), required by EC2 8.4.3 is computed by 
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   
   
  
 (38) 
where  is dco (mm) for the span that is being analyzed, sd (MPa) is the design stress of 
the bar, and fbd (MPa) is the design value of the ultimate bond stress between the rein-










and the ultimate bond stress fbd  is computed as 
1 2  bd ctdf f  (40) 
where 1  is     for ‘Good’ bar conditions as defined in Figure 8   of EC  and 2 is relat-
ed to the bar diameter and is computer by 
2
1.0 for 32

























  (42) 
where ct is a coefficient taking into account long term effects on the tensile strength and 
of unfavorable effect resulting from the way the load is applied and the recommended 
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value is 1.0 and 
,0.05ctkf  (MPa) is the strength of the concrete reached in 95% of tests. 
Standard values can be found in Table 3.1 or computed as: 
2
3
,0.05   0.7*0.3ctk ckf f  (43) 
The distance that the cutoff reinforcement extends from the point of maximum moment is 
the greater of dMM and ld,req. In order to ensure that then steel yields before the concrete 







   (44) 
where K is the variable that is associated with failure model of the beam. If K is less than 
0.167, then the beam will fail in tension, otherwise it will fail in compression.   
















2.7       EC2 Shear Analysis  
The shear strength of concrete VRd,c (kN) of a reinforced concrete beam is given 
by EC1 Eq. (6.2.a) 
 
1/3 3/2 1/2





where k and 1  are computed by EC2 6.2.2 as 
200
  1   2.0k
d
 




1    0,02 
slA
bd
    
(48) 
where Asl is Ac. The maximum allowable applied shear for distributed loads, VRd,max (kN), 











Sections in which the applied shear VEd is greater than the shear strength of the concrete, 
the load is assumed to be carried completely by the shear reinforcement.  In shear zones 
where this is not the case, reinforcement is required to be spaced at the maximum spacing 
per EC2 9.2.2 (6). Sections where the shear is greater than the strength of concrete, the 
spacing of bars is computed based on the applied shear a distance d from the face of the 
support and computed by 
0.78   cot  








   (50) 
where Asw is the area of the stirrup (mm
2
) and cot = 2.5 for beams with constant dis-
tributed loads. The minimum area of shear reinforcement, Asw,min (mm
2











  (51) 
This required spacing goes from the face of the support to the point where no force is car-
ried by the reinforcement, then the spacing changes to 0.75d, which is the maximum 






 Optimization is the process by which the best value or solution is selected based 
on a set of alternatives. This process typically involves minimizing or maximizing a giv-
en an objective function by choosing design variables from a provided set. Erol and Eksin 
(2006) introduced a new optimization technique called Big Bang-Big Crunch (BB-BC) 
that exploits the power of the mean using a model of the lifecycle of the universe. The 
first phase of the optimization, the “Big Bang”, involves the generation of a set normally 
distributed solutions about the weighted mean of the current solution population. Based 
on the fitness of the solutions the “Big Crunch” phase computes a new center for the next 
“Big Bang”  As this process continues, the standard deviation of new solutions deceases 
resulting in a smaller solution search space. Once the best solution no longer improves 
after numerous cycles, the optimization has converged on what it believes is the best so-
lution.  
3.1       Multi-Objective Formulation 
 The objective functions of the optimization in this study involve the construction 
cost and CO2 emissions released relating to the volume of steel and concrete and the area 
of formwork. The general form of the multi-objective optimization is to  
   1FM f x Pinimize




































The function  f x  is related to the weighted average of the cost and CO2 emissions given 
by 
   
2cos
1t COf x w f w f    (54) 
where fcost is the total cost of the beam, 
2CO
f  is the total CO2 emissions of the beam. The 
weighting variable w is used during the multi-objective optimization and varies from 0 to 
1. The penalty function P is the sum of all the constraint violations ai for ACI and ei for 
EC2, and ε is the penalty function exponent. Based on work by Camp (2007), Kaveh and 
Sabzi (2011), Camp and Huq (2013), and Camp and A. Assadollahi (2013) for engineer-
ing optimization problems, ε is set to 2.0.  
3.2       ACI- 318M Constraints 
ACI (2011) requires that the ultimate bending moment Mu in a beam should not 











   (55) 
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The applied shear force carried by the stirrups Vs must not exceed the maximum Vs,max 











   (56) 
The area of tensile reinforcement At in the reinforcement must exceed the minimum At,min 












   (57) 
The strain tensile reinforcement εt must be greater than 0.004 to ensure ductile failure of 







   (58) 
The spacing of the tensile reinforcement shoriz in the same row must exceed the 















The height of the beam h must be greater than the minimum hmin permitted by ACI (2011) 
to ensure that deflection limits are not exceeded. The penalty for the minimum beam 








   (60) 
Beams are considered deep beams when the span length L is less than four times the ef-









   (61) 
3.3       EC2 Constraints 
As with ACI (2011), the ultimate moment Md must not exceed the moment capac-






   (62) 
The applied shear force VED in the reinforcement must not exceed the maximum VRd,max 











   (63) 
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The area of tensile reinforcement At in the reinforcement must exceed the maximum At,min 












   (64) 
The penalty to ensure that the ultimate strain in the concrete is not reached before the ul-








   (65) 







  (66) 
and Kbal is 0.167 (this value of K indicates that the ultimate concrete and steel strains are 
reached simultaneously). If this value is exceed the beam fails in compressions, therefore 
K values less than Kbal incur no penalty.  
The spacing of the tensile reinforcement shoriz in the same row must exceed the 
minimum smin as permitted by EC2 (2004). The penalty for the minimum horizontal rein-








   (67) 
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The height of the beam h must be greater than the minimum hmin  as permitted by EC2 
(2004) to ensure that deflection limits are not exceeded. The penalty  for the minimum 








   (68) 









   (69) 
3.4       Big Bang-Big Crunch Optimization 
The Big Bang-Big Crunch optimization method was developed by Erol and Eksin 
(2006) and uses an abstract model of the universe to perform mathematical optimization. 
In their model, each Big Bang stage of the process simulates the dissipation of energy by 
transforming ordered space to a randomly distributed space. This is followed by a Big 
Crunch stage where space contracts about a center of mass. Over successive cycles of Big 
Bangs and Big Crunches, the overall search space decreases and becomes localized 
around the best solution.   
In the initial Big Bang stage, solution variables are uniformly randomly distribut-
ed throughout the search space; this step is nearly identical to other evolutionary methods 
in that an initial population of candidate solutions is generated randomly over the range 
of the search space. Next, during the contraction of the Big Crunch stage, a center of 
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where kx is the position of candidate k in an n-dimensional search space and NC is the 
candidate population size. 
For the following iterations of the Big Bang stage, new candidate solution posi-
tions 
new
kx  are normally distributed around the center of mass by  
 newk cmx x  
(71) 










where r is a random number from a standard normal distribution, τ is a parameter limiting 
the size of the search space, maxx and minx are the upper and lower limits on the values of 
the design variables, and ncycle is the number of Big Bang iterations. The size of the 
search space available for new candidate
new
kx positions decreases inversely with the num-
ber of completed Big Bang iterations. 
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   
 
 (73) 
Depending on where the center of mass is located in the search space, especially during 
early cycles of the algorithm, it is possible to generate a design variable value that is out-
side the prescribed range. In this case, values that lie outside the search space limits are 
reset to the appropriate minimum/maximum values (Erol and Eksin 2006).  
Both Camp (2007) and Kaveh and Talatahari (2010) developed hybrid formula-
tions that not only use the center of mass, but weighted values of the local best solution 
and the global best solution to compute the mean of the Big Bang. The local best solution 
is the best solution in a given cycle. The global best solution is the overall best solution 
found from all previous cycles. A modified version of Equation (71) is given as:  
   
 max min
1 1 2 21 1
new best best
k cm l g
cycle
r x x
x x x x
n

   

         (74) 
where 1 and 2 are values in the range [0, 1] that weight the influence of the local best 
solution 
best
lx  and the global best solution 
best
gx on the center of mass of new population 
positions. Since normally distributed numbers can exceed ±1, it is necessary to limit can-
didate positions to the prescribed search space boundaries. As a result of this contraction, 
there may be an accumulation of candidate solutions at the search space boundaries (Erol 
and Eksin 2006).  
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For structural optimization, Camp (2007), Kaveh and Talatahari (2009 and 2010), 
Camp and Haq (2013), and Camp and Assadollahi (2013) have shown that there is a sig-
nificant improvement in the quality of the solution and the computational efficiency of 
the BB-BC algorithm using formulations similar to Equation (75) over the original model 
developed by Erol and Eksin (2006).  
The BB-BC method used here also employs a two-phase search procedure. Unlike 
traditional BB-BC algorithms, during Phase 1 the initial random search Big Bang stage is 
repeated until the local best solution best
lx has an acceptable minimum penalty. Once a 
pseudo-feasible solution is found, the Big Crunch stage is initiated. Phase 1 is completed 
when the global best solution
best
gx has not improved over a number of consecutive Big 
Bang cycles; with this condition reached, the algorithm is considered to have converged 
on a solution. The global best solution
best
gx is limited to candidates that are feasible, in 
other words, designs that have no penalty applied to their objective function values. In 




Phase 1 and a new search is initiated. A new set of candidate solutions 
new
kx are random-
ly generated within the local search space with 
best
gx from Phase 1 either being retained or 
reset. Phase 2 uses the same convergence criteria as Phase 1. The BB-BC optimization 
parameters include the size of the candidate solution population; values of τ, 1 and 2 
required for Equation (75); the penalty function exponent; the search space reduction fac-







4.1       Introduction to Design Examples 
Each set of design examples optimizes a set of two, three, and four-span RC 
beams originally presented by Jahjouh et al. (2013). In addition, the design examples are 
organized into three design categories; here referred as: the Original Example, the Modi-
fied Example, and the Simplified Example.  
The Original Example compares the ABC optimization designs from Jahjouh 
(2013) to the designs developed using the BB-BC algorithm. Jahjouh (2013) optimizes 
two, three, and four-span RC beams that conform to the strength and serviceability limits 
of ACI 318M-11 (2011). The Original Example as defined by Jahjouh (2013) is a single 
objective optimization that minimizes only cost and uses a rather limited and impractical 
range for important design variables, e.g. the given range of bar diameters of do not cor-
relate to actual bar sizes. In addition, the strength of concrete is not considered as a de-
sign variable.  
 The Modified Example differs from the Original Example in four ways: (1) each 
design is a multi-objective optimization for both cost and CO2 emissions; (2) each beam 
is optimized for both the ACI and EC2 codes; (3) the ranges of the dimensional design 
variables are increased and generally available bar sizes are utilized; and (4) the strength 
of concrete is introduced as a design variable. These refinements to the Original Example 
result in a much larger search space for the Modified Example. 
 The Simplified Example is a more practical design approach than that proposed in 
the Modified Example. The bar stacking requirement per ACI (2011) is adhered to.  Also, 
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it is more practical to use the same bar size for each row to prevent Due to these simplifi-
cations, the search space for the Simplified Example reduced compared to the Modified 
Example. 
4.2       Cost and CO2 Objective Functions 
 The cost Ctotal and CO2 emissions CO2,total for a beam are a function of the volume 
of concrete and steel used and the area of formwork required and are computed by 
total c concrete s steel s f fC C V C V C A    (75) 
2, 2, 2 2,total c concrete s steel s f fCO CO V CO V CO A    (76) 
where Vconcrete (m
3
) is the volume of concrete, Vsteel (m
3
) is the volume of steel, Af is the 
area for formwork (m
2
), Cc  ($/m
3
) is the cost of concrete, Cs ($/kN) is the cost of steel, Cf 
($/m
2
) is the cost of formwork, CO2,c (kg/m
3
) is the concrete CO2 emissions, CO2,s 
(kg/kN) is the steel CO2 emissions, CO2,f (kg/m
2
) is the formwork CO2 emissions, s is 
the unit weight of steel and it set to 78.5kN/m
3
.  
Table 1 lists the unit cost and CO2 emission values for concrete based upon compres-
sive strength, estimated by Camp and Assadollahi (2013).  The cost and CO2 emissions of 
steel are taken from Jahjouh et al. (2013) and a given as $87/kN and 3.02kg/kN, respect-













Table 1 Cost and CO2 Emissions 
Strength of Concrete(MPa) Cost ($/m
3
) CO2 Emissions (kg/m
3
) 
20 100.00 214.09 
25 102.37 240.33 
30 104.90 268.36 
35 107.85 301.01 
40 111.47 341.09 
45 116.01 391.43 
50 121.75 454.86 
55 128.92 534.21 
 
The total volume Vb (m
3
) of the beam is computed as  
bV Lbh  (77) 
In order to compute the volume of steel in the beam, the length of the stirrups Lstir (m) 
must be computed as: 
   2 2stir stir stirL b cover d h cover d       (78) 
For simplicity, Equation (79) computes the length that is associated with the perimeter of 
a square along the centerline of the stirrup and ignores the small bends that wrap around 
the tensile reinforcement at the corners. The volume of steel Vsteel is  
 
i i i i i isteel stir stir v Bc Bc Bco Bco Tc T Tco Tco
i i
V n L A A L A L A L A L       (79) 
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where ABc,  ABco, ATco, ATc are the area of the bottom continuous, bottom cutoff, top con-




concrete b steelV V V   (80) 
The area of formwork Af (m
2
) required is:    
 2fA L b h   (81) 
4.3       Original Example 
 The first set of design examples involves two, three, and four-span RC beams, 
originally presented by Jahjouh et al. (2013) each designed to conform to the strength and 
serviceability requirements of the ACI-318M building code Tables 2 and 3 list the analy-
sis parameters for all  beam designs (Jahjouh et al. 2013). 









Width of beam (mm), b 1 300-700 50 
Height of beam (mm), h 1 500-1000 50 
Number of continuous bottom reinforcement (NBCon) NSpans 2-8 1 
Diam of continuous bottom reinforcement (mm), dBCon NSpans 10-22 2 
Number of cutoff bottom reinforcement (NBCO) NSpans 0-8 1 
Diam of cutoff bottom reinforcement (mm), dBCO NSpans 10-22 2 
Number of continuous top reinforcement (NTCon) 1 2-8 1 
Diam of continuous top reinforcement (mm), dTCon 1 10-22 2 
Number of cutoff top reinforcement (NTCO) NSpans - 1 0-8 1 
Diam of cutoff top reinforcement (mm), dTCO NSpans - 1 10-22 2 
Diam of stirrups (mm), dstir 1 10-12 2 





Table 3 Original Problem Constant Variables 
 
Variable Value 
Strength of Concrete, fc’ (MPa) 20 
Strength of Steel, fy (MPa) 420 
Cost of Concrete, Cc (USD/m
3
) 100 
Cost of Steel, Cs (USD/kN) 87 
Cost of Formwork, Cf (USD/m
2
) 5 
Cover (mm) 40 
 
4.3.1 Original Example – Two-Span Beam 
Figure 4 shows the beam geometry and loading for the two-span beam. The sup-
ports are assumed to have no width; therefore extra length of reinforcement is not re-









Figure 4 Two-Span Beam Geometry and Loading 
In order to begin the optimization process, appropriate values are determined for 
the following BB-BC algorithm parameters: population size, stopping criteria, and the 
weighting factors 1 and 2. To estimate appropriate values of these BC-BB parameters, 
numerous test designs were run with difference values for the initial population, stopping 
criteria, and the weighting factors 1 and 2. First, the values of the factors 1 and 2 are 
estimated using a rather large initial population of 500 and stopping criterion of 5,000 
DL = 30 kN/m (not including self-weight) 
LL = 15 kN/m 
7 m 4 m 
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analyses. Figure 5 shows the lowest cost two-span RC beam for values of 1 and 2. 
While many combinations of 1 and 2 are acceptable, 1 should be less than 0.7. The 
best designs are obtained with 1 = 0.3 and 2 = 0.5. 
 With values for the weighting factors 1 and 2 established, the two-span beam 
was redesigned using different values for the initial population and the stopping criteria. 
Figure 6 shows the results of the BB-BC optimization for a range of initial population 
and stopping criteria values. Although high values for initial population and stopping cri-
teria would certainly yield good results, when computation efficiency is considered the 
best designs have an initial population of 300 with a stopping criteria of 3,000 analyses. 
These BC-BB parameters are used for all the two-span RC beam designs presented in this 
example. 
 
Figure 5 BB-BC Parameter Testing Results 





























Figure 6 Original Two-Span Initial Population/Stopping Criteria Results 
Table 4 lists the best low-cost two-span BB-BC beam designs compared with the 
results presented by Jahjouh et al. (2013).  The best low-cost design reported by Jahjouh 
et al. (2013) is $461.76. Despite contacting Jahjouh on multiple occasions, his cost func-
tion value could not be reproduced in this study. The cost in the parenthesis is that report-
ed from the BB-BC design, defined by Equation (76), and slightly under predicts the 
Jahjouh’s cost  Given this minor difference in the cost function, the BB-BC design re-
duced the cost by 0.29% to $458.29. Over a 1,000 design runs, the average cost for the 
BB-BC designs is $465.73 with a scaled standard deviation (the standard deviation the 
best solutions divided by the average low-cost design) of 1.54%. The ABC results pro-
duce a lower average cost and standard deviation but BB-BC produced an overall lower 
cost design. One probable reason the improved average and standard deviation of ABC 


























four times larger than that used for the BB-BC designs. On average, ABC required 
58,640 analyses to converge was while BB-BC only required 16,800 analyses. Table 5 
lists the values for each design variable for the best low-cost design for both optimization 
techniques.  
Table 4 Original Two-Span Beam Comparison 
 ABC BB-BC 
Best Design $461.76 ($459.61) $458.29 
Average Cost $463.72 $465.73 
Scaled Standard Deviation 0.55% 1.54% 
Number of Analyses 58,640 16,800 
 
Table 5 Original Optimum Two-Span Beam Design Variables 




Bottom Reinforcement Top Reinforcement 
    
Continuous Cut-off Continuous Cut-off 
    
BB-BC 
1 300 600 5ϕ12 --- 4ϕ10 4ϕ22 
2   3ϕ18 3ϕ18   
ABC 
1 300 600 5ϕ12 --- 3ϕ12 4ϕ22 
2   3ϕ20 5ϕ12   
 
Figures 7 and 8 show detailed beam reinforcement layouts of the best design from 





























5.74m – 10.59m 
s =27 cm s =17 cm 
2.82
m 
s =27 cm 
L = 11m 
1.93m – 5.54m 
L = 4m 







6.00m – 10.30m 
s = 27 cm s = 18 cm 
2.80
m 
s = 26 cm 
L = 11m 
1.98m – 5.48m 




4.3.2 Original Example – Three-Span Beam 
Figure 9 shows the beam geometry and loading for the three-span beam. Again, 
the supports are assumed to have no width and require no additional length of reinforce-
ment over the supports. Using the data listed in Table 3, the design search space is ap-
proximately 1.13(10
18
). Figure 10 shows the results of the study of initial population and 
stopping criteria on the designs for the three-span beam; the best designs use an initial 






Figure 9 Three-Span Beam Geometry and Loading 
Table 6 lists the best low-cost three-span BB-BC beam designs compared with the 
results presented by Jahjouh et al. (2013).  The best low-cost design reported by Jahjouh 
et al. (2013) is $590.28. The cost in the parenthesis is that reported from the BB-BC de-
sign, defined by Equation (7 ), again slightly under predicts the Jahjouh’s cost  Given 
this minor difference in the cost function, the BB-BC design reduced the cost by 1.47% 
to $581.40. Over a 1,000 design runs, the average cost for the BB-BC designs is 
$601.14with a scaled standard deviation (the standard deviation the best solutions divided 
by the average best cost design) of 2.41%. 
DL = 30 kN/m (not including self-weight) 
LL = 15 kN/m 




Figure 10 Original Three-Span Initial Population/Stopping Criteria Results 
The ABC results again produce a lower average cost and standard deviation. On 
average, ABC required 370,400 analyses, while BB-BC only required 27,900 analyses. 
Table 7 lists the values for each design variable for the best low-cost design for both op-
timization techniques.  
Table 6 Original Three-Span Beam Comparison 
 ABC BB-BC 
Best Design $590.28 ($590.10) $581.40 
Average Cost $593.96 $601.14 
Scaled Standard Deviation 0.31% 2.41% 


























Table 7 Original Optimum Three-Span Beam Design Variables 




Bottom Reinforcement Top Reinforcement 
    
Continuous Cut-off Continuous Cut-off 
    
BB-BC 
1 300 550 2ϕ12 2 ϕ14 3ϕ10 4ϕ22 
2   5ϕ12 3ϕ16  4ϕ22 
3   4ϕ10 1ϕ18   
ABC 
1 300 550 2ϕ18 --- 3ϕ12 4ϕ20 
2   3ϕ16 2ϕ16  4ϕ22 
3   3ϕ20 ---   
 
Figures 11 and 12 show detailed beam reinforcement layouts of the best design 
developed by BB-BC and ABC, respectfully. Due to the increased complexity of the 
three-span problem compared to the two-span problem, the best low-cost three-span de-








Figure 11 BB-BC Original Three-Span Beam Design 
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Figure 12 ABC Original Three-Span Beam Design 
4.3.3 Original Example – Four-Span Beam 
Figure 13 shows the beam geometry and loading for the four-span beam. Again, 
the supports are assumed to have no width and require no additional length of reinforce-
ment over the supports. Using the data listed in Table 3, the design search space is ap-
proximately 2.20(10
23
). Figure 14 shows the results of the study of initial population and 
stopping criteria on the designs for the three-span beam; the best designs use an initial 






Figure 13 Four-Span Beam Geometry and Loading 
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Table 8 lists the best low-cost four-span BB-BC beam designs compared with the 
results presented by Jahjouh et al. (2013).  The best low-cost design reported by Jahjouh 
et al. (2013) is $843.41. The cost in the parenthesis is that reported from the BB-BC de-
sign, defined by Equation (76), again slightly under predicts the Jahjouh’s cost  Given 
this minor difference in the cost function, the BB-BC design reduced the cost by 0.98% 
to $831.79. Over a 1,000 design runs, the average cost for the BB-BC designs is $860.24 
with a scaled standard deviation (the standard deviation the best solutions divided by the 
average best cost design) of 2.98%. The ABC results again produce a lower average cost 
and standard deviation. On average, ABC required 677,750 analyses, while BB-BC only 
required 48,600 analyses. Table 9 lists the values for each design variable for the best 
low-cost design for both optimization techniques.  
 
































Table 8 Original Four-Span Beam Comparison 
 ABC BB-BC 
Best Design $843.48 ($840.01) $831.79 
Average Cost $852.07 $860.24 
Scaled Standard Deviation 0.70% 2.98% 
Number of Analyses 677,750 48,600 
 
Table 9 Original Optimum Four-Span Beam Design Variables 




Bottom Reinforcement Top Reinforcement 





    
BBBC 
1 300 550 6ϕ10 3ϕ10 5ϕ10 4ϕ16 
2   2ϕ10 3ϕ12  4ϕ20 
3   3ϕ12 2ϕ20  5ϕ18 
4   2ϕ16 1ϕ16   
BEES 
1 300 550 3ϕ16 1ϕ12 2ϕ12 5ϕ16 
2   2ϕ18 ---  4ϕ22 
3   5ϕ12 5ϕ10  4ϕ22 
4   5ϕ12 ---   
 
Figures 15 and 16 show detailed beam reinforcement layouts of the best design 
developed by BB-BC and ABC, respectfully. Due to the increased complexity of the 
four-span problem compared to the three-span problem, the best low-cost four-span de-


























Figure 16 ABC Original Four-Span Beam Design 
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4.4       Modified Example 
The Modified Example differs from the Original Example in four ways: (1) each 
design is a multi-objective optimization for both cost and CO2 emissions; (2) each beam 
is optimized for both the ACI and EC2 codes; (3) the ranges of the dimensional design 
variables are increased and generally available bar sizes are utilized; and (4) the strength 
of concrete is introduced as a design variable. Table 10 lists the design variables for the 
Modified Example. Instead of using bar sizes varying from 10 mm-22 mm as used in the 
Original Problem, commercially available bars sizes are utilized. Table 11 shows the typ-
ical bar sizes listed in the ACI-318M and EC2 codes. Finally, the strength of concrete is 
considered as a design variable; whereas it was held constant as 20 MPa in the Original 
Example.  









Width of beam (mm), b 1 200-700 10 
Height of beam (mm), h 1 400-1000 10 
Number of continuous bottom reinforcement (NBCon) NSpans 2-8 1 
Diam of continuous bottom reinforcement (mm), dBCon NSpans Table 11 --- 
Number of cutoff bottom reinforcement (NBCO) NSpans 0-8 1 
Diam of cutoff bottom reinforcement (mm), dBCO NSpans Table 11 --- 
Number of continuous top reinforcement (NTCon) 1 2-8 1 
Diam of continuous top reinforcement (mm), dTCon 1 Table 11 --- 
Number of cutoff top reinforcement (NTCO) NSpans - 1 0-8 1 
Diam of cutoff top reinforcement (mm), dTCO NSpans - 1 Table 11 --- 
Diam of stirrups (mm), dstirrups 1 10-12 2 
Strength of Concrete (MPa), fc (ACI) or fck (EC2) 1 20-55 5 
Total variables 6 NSpans + 4   
52 
 
Table 11 ACI and EC2 Rebar Sizes 
ACI EC2 
Rebar Diameter (mm) Area (mm
2
) Rebar Diameter (mm) Area (mm
2
) 
#10 9.5 80 10,0 10 78.5 
#13 12.7 129 12,0 12 113 
#16 15.9 200 14,0 14 154 
#19 19.1 284 16,0 16 201 
#22 22.2 387 20,0 20 314 
#25 25.4 510 25,0 25 491 
#29 28.7 645 28,0 28 616 
#32 32.3 819 32,0 32 804 
#36 35.8 1006 40,0 40 1257 
#43 43.0 1452 50,0 50 1963 
#57 57.3 2581    
 
4.4.1 Modified Example – Two-Span Beam 
Figure 4 shows the beam geometry and loading for the two-span beam. The sup-
ports are assumed to have no width; therefore extra length of reinforcement is not re-
quired over the supports. Using the data listed in Table 10 and 11, the design search space 





To begin the optimization process, appropriate values are determined for the fol-
lowing BB-BC algorithm parameters: population size and stopping criteria. The values of 
the weighting factors are the same as those used in the Original Example: 1 = 0.3 and 2 
= 0.5. Figure 17 shows the results of the BB-BC optimization for a range of initial popu-
lation and stopping criteria values using the ACI code. Based on these results, the initial 




Figure 17 Modified Two-Span ACI Initial Population/Stopping Criteria 
Figure 18 shows the results of the BB-BC optimization for a range of initial popu-
lation and stopping criteria values using the EC2 code. Based on these results, the initial 
population and stopping criteria for the EC2 are 350 and 3000, respectfully.  
Table 12 lists the best low-cost two-span BB-BC beam designs using both the 
ACI and EC2 codes. The best ACI two-span design cost $382.49. The best EC2 design 
cost $373.28; a 2.41% reduction over the ACI design. A review of the cost function re-
veals that the decrease in cost for the EC2 design can be accounted for by the reduction in 
concrete cover requirements as compared to the ACI code and the availability of rebar for 
shear reinforcement. Over a 1,000 design runs, the average cost for the ACI designs is 
$395.55 with a scaled standard deviation of 3.29%. The average cost for the EC2 designs 
































30,800 analyses to converge was while EC2 designs only required 24,000 analyses. Table 
13 lists the values for each design variable for the best low-cost design for both the ACI 
and EC2 codes. 
 
Figure 18 Modified Two-Span EC2 Initial Population/Stopping Criteria 
Table 12 Modified Two-Span Beam Comparison  
 ACI-318M EC2 
Best Design $382.49 $373.28 
Average Cost $395.55 $379.19 
Scaled Standard Deviation 3.29% 1.15% 

































Figures 19 and 20 show detailed beam reinforcement layouts of the best design 
developed for ACI and EC2, respectfully. The best beam designs for each code are very 
similar. The main difference between the solutions is that EC2 allows for larger maxi-
mum spacing, therefore allowing less shear reinforcement throughout the beam, which is 
what allows for lower costs than ACI.  
Table 13 Modified Optimum Two-Span Beam Design Variables 




Bottom Reinforcement Top Reinforcement 
  
 Continuous Cut-off Continuous Cut-off 
  
ACI 
1 200 580 3ϕ13 --- 2ϕ13 2ϕ32 
2 fc’ = 35 2ϕ25 1ϕ25   
EU2 
1 200 580 2ϕ10 --- 2ϕ10 3ϕ28 










Figure 19 ACI Modified Optimum Two-Span Beam Design 
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Figure 20 EC2 Modified Optimum Two-Span Beam Design 
4.4.2 Modified Example – Three-Span Beam 
Figure 9 shows the beam geometry and loading for the three-span beam. As with 
all examples, the supports are assumed to have no width; therefore extra length of rein-
forcement is not required over the supports. Using the data listed in Table 10 and 11, the 






To begin the optimization process, appropriate values are determined for the fol-
lowing BB-BC algorithm parameters: population size and stopping criteria. The values of 
the weighting factors are the same as those used in the Original Example: 1 = 0.3 and 2 
= 0.5. Figure 21 shows the results of the BB-BC optimization for a range of initial popu-
lation and stopping criteria values using the ACI code. Based on these results, the initial 
population and stopping criteria for ACI are set to 500 and 4,500, respectfully. 
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Figure 21 Modified Three-Span ACI-318M Initial Population/Stopping Criteria 
Figure 22 shows the results of the BB-BC optimization for a range of initial popu-
lation and stopping criteria values using the EC2 code. Based on these results, the initial 
population and stopping criteria for EC2 are set to 500 and 4,500, respectfully. 
Table 14 lists the best low-cost three-span BB-BC beam designs using both the 
ACI and EC2 codes. The best ACI three-span design cost $484.45. The best EC2 design 
cost $477.73; a 1.39% reduction over the ACI design. Over a 1,000 design runs, the aver-
age cost for the ACI designs is $514.97 with a scaled standard deviation of 3.69%. The 
average cost for the EC2 designs is $495.72 with a scaled standard deviation of 3.70%. . 
On average, ACI designs required 56,500 analyses to converge was while EC2 designs 






























Figure 22 Modified Three-Span EC2 Initial Population/Stopping Criteria 
Table 15 lists the values for each design variable for the best low-cost design for both the 
ACI and EC2 codes. 
Table 14 Modified Three-Span Beam Comparison 
 ACI EC2 
Best Design $484.45 $477.73 
Average Cost $514.97 $495.72 
Scaled Standard Deviation 3.70% 3.69% 






























Table 15 Modified Optimum Three-Span Beam Design Variables 




Bottom Reinforcement Top Reinforcement 
  
 Continuous Cut-off Continuous Cut-off 
  
ACI 
1 200 560 3ϕ10 2ϕ10 3ϕ13 2ϕ25 
2 
fc’ = 30 
3ϕ13 2ϕ19  2ϕ29 
3 2ϕ13 1ϕ19   
EC2 
1 200 560 2ϕ10 1ϕ12 3ϕ10 4ϕ20 
2 
fck’ = 40 
5ϕ10 3ϕ16  3ϕ25 
3 3ϕ12 2ϕ12   
 
  Figures 23 and 24 show detailed beam reinforcement layouts of the best design 
developed for ACI and EC2, respectfully. Again, the main difference between the two 











Figure 23 ACI Modified Optimum Three-Span Beam Design 
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Figure 24 EC2 Modified Optimum Three-Span Beam Design 
4.3.3 Modified Example – Four-Span Beam 
Figure 13 shows the beam geometry and loading for the four-span beam. Using 






Figures 25 and 26 show the results of the study of initial population and stopping 
criteria on the designs for the four-span beam; the best designs use an initial population 
of 500 with a stopping criterion of 6,500 analyses. 
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Figure 25 ACI Modified Four-Span Initial Population/Stopping Criteria 
 























































Table 16 lists the best low-cost four-span BB-BC beam designs using both the ACI and 
EC2 codes. The best ACI four-span design cost $694.49. The best EC2 design cost 
$682.17; a 1.77% reduction over the ACI design. Over a 1,000 design runs, the average 
cost for the ACI designs is $762.52 with a scaled standard deviation of 4.50%. The aver-
age cost for the EC2 designs is $733.62 with a scaled standard deviation of 3.09%. . On 
average, ACI designs required 52,600 analyses to converge was while EC2 designs only 
required 57,200 analyses. Table 17 lists the values for each design variable for the best 
low-cost design for both the ACI and EC2 codes. 
Table 16 Modified Four-Span Beam Comparison 
 ACI EC2 
Best Design $694.49 $682.17 
Average Cost $762.52 $733.62 
Scaled Standard Deviation 4.50% 3.09% 
Number of Analyses 52,600 57,200  
 
Table 17 Modified Optimum Four-Span Beam Design Variables 
 Span Width 
(mm) 
Height(mm) Bottom Reinforcement Top Reinforcement 
  
 Continuous Cut-off Continuous Cut-off 
  
ACI 
1 200 540 2ϕ19 1ϕ13 2ϕ16 2ϕ22 
2 
fc’ = 35 
2ϕ13 1ϕ19  2ϕ29 
3 3ϕ13 2ϕ19  2ϕ29 
4 2ϕ19    
EC2 
1 300 580 2ϕ16 4ϕ10 4ϕ10 3ϕ20 
2 
fck’ = 35 
3ϕ10 3ϕ10  4ϕ20 
3 4ϕ10 3ϕ16  4ϕ20 
4 2ϕ12 3ϕ12   
63 
 
Figures 27 and 28 show detailed beam reinforcement layouts of the best design 

















Figure 28 EC2 Modified Optimum Four-Span Beam Design 
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 With all three problems, EC2 produced lower overall optimum cost, average op-
timum cost, and standard deviation. There a few factors that could contribute to the lower 
costs: (1) the cover required by EC2 is much less than that required by ACI, which in turn 
allows for greater moment strength in the beam with the same dimensions and reinforce-
ment detail; (2) the required shear spacing for EC2 is larger than that of ACI requiring 
fewer shear bar ACI; (3) EC2 allows a wider range of rebar sizes, including small diame-
ter bars, which provides more rebar configurations for design. Overall, the results show 
that EC2 produced lower cost designs than ACI. 
4.5       Simplified Example 
 There are only two differences between the Simplified Example and the Modified 
Example. The first difference is that there are different rebar combinations for the top 
continuous reinforcement over each support. The second difference is that only bar com-
binations permitted with respect to bar stacking requirements are allowed. In order to 
make the problem more practical, the diameters of the continuous and cutoff bars for 
each section are the same. Given these two constraints, 209 bar combinations for ACI-
318M and 185 combinations for EC2 are can be used. The design variables for the Sim-
plified Problems are shown in Tables 18 and 19. The combinations increase by area as 
shown in Table 20. Although this table only shows the ACI bar combinations, the EC2 
combinations follow the same pattern. 
Situations in which the areas are the same, the combinations are then organized 
based on the area of the bottom reinforcement. For example, combinations 4, 5, and 6 all 
have the same total area. Those combinations are then sorted from smallest to largest area 
for the continuous reinforcement. 
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Width of beam (mm), b 1        200-700 10 
Height of beam (mm), h 1       400-1000 10 
Reinforcement Combinations (NBCon) 2 NSpans - 1       1-209 1 
Total variables 2 NSpans + 1   
 








Width of beam (mm), b 1 200-700 10 
Height of beam (mm), h 1 400-1000 10 
Reinforcement Combinations (NBCon) 2 NSpans - 1 1-185 1 
Total variables 2 NSpans + 1   
 











1 2 0 10 157 
2 3 0 10 236 
3 2 0 13 265 
4 2 2 10 314 
5 3 1 10 314 
















206 5 4 57 22966 
207 5 5 57 25518 
208 6 4 57 25518 




4.5.1 Simplifies Example – Two-Span Beam 
Using the data listed in Table 18-20, the design search space for the ACI and EC2 




), respectively. To begin the optimiza-
tion process, appropriate values are determined for the following BB-BC algorithm pa-
rameters: population size and stopping criteria. The values of the weighting factors are 
the same as those used in the Original Example: 1 = 0.3 and 2 = 0.5. Figure 29 and 30 
shows the results of the BB-BC optimization for a range of initial population and stop-
ping criteria values using the ACI and EC2 codes, respectively. Based on these results, 
the initial population for the ACI and EC2 codes is 150 and 50, respectively. The stop-
ping criterion for the ACI and EC2 codes is 2,000 and 1,000, respectively. 
 




























Figure 30 Simplified Two-Span EC2 Initial Population/Stopping Criteria 
Table 21 lists the best low-cost two-span BB-BC beam designs using both the 
ACI and EC2 codes. The best ACI two-span design cost $407.07. The best EC2 design 
cost $391.64; a 3.79% reduction over the ACI design. Over a 1,000 design runs, the aver-
age cost for the ACI designs is $423.99 with a scaled standard deviation of 2.8%. The 
average cost for the EC2 designs is $406.10 with a scaled standard deviation of 2.9%. On 
average, ACI designs required 30,800 analyses to converge was while EC2 designs only 
required 24,000 analyses. Table 22 lists the values for each design variable for the best 



































Table 21 Simplified Two-Span Beam Comparison 
 ACI EC2 
Best Design $407.07 $391.64 
Average Cost $423.99 $406.10 
Scaled Standard Deviation 2.8% 2.9% 
Number of Analyses 30,800 24,000 
 
Table 21 shows that the optimization of the beam designed to EC2 yields lower results as 
with the Modified Example. The variables for the optimum design variables are shown in 
Table 22 and visual representations of each are shown in Figures 31 and 32. 
Table 22 Simplified Optimum Two-Span Beam Design Variables 




Bottom Reinforcement Top Reinforcement 
  
 Continuous Cut-off Continuous Cut-off 
  
ACI 
1 200 580 3ϕ13 --- 3ϕ19 3ϕ19 
2 fc’ = 35 2ϕ22 1ϕ22   
EC2 
1 200 560 2ϕ10 --- 3ϕ20 3ϕ20 
2 fck’ = 30 3ϕ20 2ϕ20   
 
Figures 31 and 32 show detailed beam reinforcement layouts of the best design 






























Figure 32 EC2 Simplified Optimum Two-Span Beam Design 
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4.5.2 Simplifies Example – Three-Span Beam 
Using the data listed in Table 18-20, the design search space for the ACI and EC2 




), respectively. To begin the optimiza-
tion process, appropriate values are determined for the following BB-BC algorithm pa-
rameters: population size and stopping criteria. The values of the weighting factors are 
the same as those used in the Original Example: 1 = 0.3 and 2 = 0.5. Figure 33 and 34 
shows the results of the BB-BC optimization for a range of initial population and stop-
ping criteria values using the ACI and EC2 codes, respectively. Based on these results, 
the initial population for the ACI and EC2 codes is 50 and 300, respectively. The stop-
ping criterion for the ACI and EC2 codes is 3,500 and 4,300, respectively. 
 


































Figure 34 EC2 Simplified Three-Span Initial Population/Stopping Criteria 
Table 23 lists the best low-cost three-span BB-BC beam designs using both the 
ACI and EC2 codes. The best ACI three-span design cost $511.95. The best EC2 design 
cost $493.48; a 3.61% reduction over the ACI design. Over a 1,000 design runs, the aver-
age cost for the ACI designs is $546.12 with a scaled standard deviation of 3.3%. The 
average cost for the EC2 designs is $514.18 with a scaled standard deviation of 2.4%. On 
average, ACI designs required 56,500 analyses to converge was while EC2 designs only 
required 46,000 analyses. Table 17 lists the values for each design variable for the best 






























Table 23 Simplified Three-Span Beam Comparison  
 ACI EC2 
Best Design $511.95 $493.48 
Average Cost $546.12 $514.18 
Scaled Standard Deviation 3.3% 2.4% 
Number of Analyses 56,500 46,000  
 
Table 23 shows that the optimization of the beam designed to EC2 yields lower results as 
with the Modified Example. The variables for the optimum design variables are shown in 
Table 24 and visual representations of each are shown in Figures 35 and 36. 
Table 24 Simplified Optimum Three-Span Beam Design Variables 




Bottom Reinforcement Top Reinforcement 
  
 Continuous Cut-off Continuous Cut-off 
  
ACI 
1 200 510 3ϕ10 2ϕ10 2ϕ22 2ϕ22 
2 
fc’ = 35 
2ϕ19 2ϕ19 2ϕ25 2ϕ25 
3 3ϕ13 2ϕ13   
EU2 
1 200 520 2ϕ10 2ϕ10 4ϕ16 4ϕ16 
2 
fck’ = 40 
5ϕ12 5ϕ12 3ϕ20 3ϕ20 
3 4ϕ10 4ϕ10   
 
 Figures 35 and 36 show detailed beam reinforcement layouts of the best design devel-
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4.5.3 Simplified Example – Four-Span Beam 
Using the data listed in Table 18-20, the design search for the ACI and EC2 de-




), respectively. Figure 37 and 38 shows 
the results of the BB-BC optimization for a range of initial population and stopping crite-
ria values using the ACI and EC2 codes, respectively. Based on these results, the initial 
population for the ACI and EC2 codes is 500 and 250, respectively. The stopping criteri-
on for the ACI and EC2 codes is 6,000 and 3,000, respectively.
 

































Figure 38 Simplified Four-Span EC2 Initial Population/Stopping Criteria 
Table 25 lists the best low-cost four-span BB-BC beam designs using both the 
ACI and EC2 codes. The best ACI four-span design cost $720.80. The best EC2 design 
cost $698.04; a 3.16% reduction over the ACI design. Over a 1,000 design runs, the aver-
age cost for the ACI designs is $798.20 with a scaled standard deviation of 3.7%. The 
average cost for the EC2 designs is $732.65 with a scaled standard deviation of 2.9%. On 
average, ACI designs required 52,600 analyses to converge was while EC2 designs only 
required 57,200 analyses. Table 26 lists the values for each design variable for the best 
low-cost design for both the ACI and EC2 codes.  Table 25 shows the cost comparison 

































Table 25 Simplified Four-Span Beam Comparison 
 ACI EC2 
Best Design $720.80 $698.04 
Average Cost $798.20 $732.65 
Scaled Standard Deviation 3.7% 2.9% 
Number of Analyses 52,600 57,200  
 
Table 26 Simplified Optimum Four-Span Beam Design Variables 




Bottom Reinforcement Top Reinforcement 
  
 Continuous Cut-off Continuous Cut-off 
  
ACI 
1 200 560 2ϕ16 2ϕ16 3ϕ16 3ϕ16 
2 
fc’ = 30 
2ϕ13 2ϕ13 2ϕ22 2ϕ22 
3 3ϕ16 2ϕ16 2ϕ13 2ϕ13 
4 3ϕ13 2ϕ13   
EC2 
1 300 580 5ϕ10 4ϕ10 5ϕ12 5ϕ12 
2 
fck’  = 30 
2ϕ12 2ϕ12 4ϕ16 4ϕ16 
3 5ϕ12 3ϕ12 4ϕ16 4ϕ16 
4 3ϕ12 2ϕ12   
 
Figures 39 and 40 show detailed beam reinforcement layouts of the best design 






















Figure 40 EC2 Simplified Optimum Four-Span Beam Design 
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0.50m – 3.35m 
L = 7m 
12.37m – 16.60m 
L = 5m 
19.69m – 22.83m 
9.35m – 12.50m 
2.4 
s = 40 mm 
2.5 2.7 2.2 2.3 
s = 40 mm s = 26 mm s = 28 mm s = 25 mm s = 23 mm s = 40 mm s = 22 mm s = 24 mm 
2ϕ12 













 Similar the Modified Problem, EC2 produced lower overall optimum costs and 
average optimum costs. Although the solution space for EC2 was smaller for the Modi-
fied Problem and the Simplified Problem, the cover and shear spacing requirements allow 
EC2 to result in less concrete and steel while stile meeting the strength and serviceability 
requirements. 
4.6       Multi-objective Examples 
 These multi-objective examples use the same beam configurations and design var-
iables presented for the Modified Example and the Simplified Example sections. The ob-
jective function is the weighted combinations of cost and CO2 emissions. For the unit 
values assumed in this study, as the strength of concrete increases, the unit cost of con-
crete and the CO2 emissions increase. The objective function is: 
   
2cos




When w is set to 1, cost is optimized and when w is set to 0, CO2 is optimized. By vary-
ing the value of w from 0 to 1, a Pareto front of mathematically equivalent designs is 
generated. In all the example designs, values of w range from [0, 1] by 0.01 increments.  
The values for initial population and stopping criteria for each beam design are the same 
as those determined in the Modified Example and Simplified Example designs. .  
4.6.1  Modified Example Two-Span 
 Figure 41 shows the ACI Pareto front for the average cost and average CO2 emis-
sions for the Modified Example two-span beam computed from 1,000 different runs. 
Each point on the Pareto front corresponds to a different w value.  Figure 42 shows the 
best ACI design from the 1,000 designs generated. Although there are 101 optimum solu-
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tions given the values of the weighting function, many of the optimum solutions are the 
same for numerous value of w. Figures 43 and 44 show the EC2 Pareto front and the best 
solutions for Modified Example two-span beam.  
 
Figure 41 Modified Two-Span ACI Pareto Front  
 














































































Figure 43 Modified Two-Span EC2 Pareto Front  
 































































Figure 45 shows the ACI and EC2 Pareto fronts; in general, EC2 designs are more cost 
and CO2 effective than ACI designs. 
 
Figure 45 Two-Span Modified EC2 vs ACI Pareto Fronts 
The data in Figure 45 shows that for ACI designs a 4.8% increase in costs results 
in a 4.4% decrease in CO2 emissions;  for the EC2 design, a 4.9% increases in cost results 
in a 6.2% decrease in CO2 emissions. For only a slightly higher percent increase in cost, 






























4.6.2 Modified Example Three-Span 
Figure 46 shows the results for the multiobjective optimization for the Modified 
Example three-span beam for ACI. The Pareto fronts follow the same trend as with the 
two-span problem. Figure 47 shows the best solution of 1,000 runs for each value of the 
weighting variable for ACI. Due to an increased solutions space, the best solutions for 
each weight function for the three-span problem seem to vary more than the two-span 
best solutions. The optimization cannot as easily find the same optimum solution for mul-
tiple different value of the weighting function. Figure 48 shows the three-span Pareto 
front for EC2. 
 

































Figure 47 Modified Three-Span ACI Cost and CO2 
 









































































Figure 49 shows the best solutions for the Modified three-span problem optimized to 
EC2. Figure 50 shows a comparison of the Pareto fronts for each code.  
 
Figure 49 Modified Three-Span EC2 Cost and CO2 
 
Figure 50 Three-Span Modified EC2 vs ACI Pareto Fronts 
The data in Figure 50 shows that for ACI designs  a 4.7% increase in costs results 







































































sults in a 6.6% decrease in CO2 emissions. For only a slightly higher percent increase in 
cost, EC2 provides an additional 2.7 % decrease in CO2 emissions. .  
4.6.3  Modified Example Four-Span 
Figure 51 shows the results for the multi-objective optimization for the Modified 
Example four-span beam for ACI. The Pareto fronts follow the same trend as with the 
three-span problem. Figure 52 shows the best solution of 1,000 runs for each value of the 
weighting variable for ACI. Due to an increased solutions space, the best solutions for 
each weight function for the four-span problem seem to vary more than the three-span 
best solutions. The optimization cannot as easily find the same optimum solution for mul-
tiple different value of the weighting function. Figure 53 shows the three-span Pareto 
front for EC2. 
 

































Figure 52 Modified Four-Span ACI Cost and CO2 
 
Figure 53 Modified Four-Span EC2 Pareto Front  
Figure 54 shows the best solutions for the Modified four-span problem optimized to EC2. 












































































Figure 54 Modified Four-Span EC2 Cost and CO2 
 
Figure 55 Four-Span Modified EC2 vs ACI Pareto Fronts 
The data in Figure 55 shows that for ACI designs  a 3.9% increase in costs results 
in a 5.0% decrease in CO2 emissions;  for the EC2 designs, a 3.5% increases in cost re-
sults in a 5.9% decrease in CO2 emissions. For only a slightly higher percent increase in 





































































4.6.4 Simplified Example Two-Span 
Figure 56 shows the results for the multi-objective optimization for the Modified 
Example four-span beam for ACI. The Pareto fronts follow the same trend as with the 
three-span problem. Figure 57 shows the best solution of 1,000 runs for each value of the 
weighting variable for ACI. Due to an increased solutions space, the best solutions for 
each weight function for the four-span problem seem to vary more than the three-span 
best solutions. The optimization cannot as easily find the same optimum solution for mul-
tiple different value of the weighting function. Figure 58 shows the Simplified two-span 
Pareto front for EC2. 
 

































Figure 57 Simplified Two Span ACI Cost and CO2 
 
Figure 58 Simplified Two Span EC2 Pareto Front  
Figure 59 shows the best solutions for the Simplified two-span problem optimized to 









































































Figure 59 Simplified Two Span EC2 Cost and CO2 
 
Figure 60 Two-Span Simplified EC2 vs ACI Pareto Fronts 
The data in Figure 60 shows that for ACI designs 1.0% increase in costs results in 





































































in a 4.6% decrease in CO2 emissions. For only a slightly higher percent increase in cost, 
ACI provides an additional 1.2% decrease in CO2 emissions.  
4.6.5  Simplified Example Three-Span 
Figure 61 shows the results for the multi-objective optimization for the Simplified 
Example three-span beam for ACI. The Pareto fronts follow the same trend as with the 
two-span problem. Figure 62 shows the best solution of 1,000 runs for each value of the 
weighting variable for ACI. Due to an increased solutions space, the best solutions for 
each weighting function for the three-span problem seem to vary more than the two-span 
best solutions. The optimization cannot as easily find the same optimum solution for mul-
tiple different value of the weighting function. Figure 63 shows the Simplified three-span 
Pareto front for EC2. 
 



































Figure 62 Simplified Three Span ACI Cost and CO2 
 
Figure 63 Simplified Three Span EC2 Pareto Front  
Figure 64 shows the best solutions for the Simplified three-span problem optimized to 













































































Figure 64 Simplified Three Span EC2 Cost and CO2 
 
Figure 65 Three-Span Simplified EC2 vs ACI Pareto Fronts 
The data in Figure 65 shows that for ACI designs 2.0% increase in costs results in 
a 4.9% decrease in CO2 emissions;  for the EC2 designs, a 2.7% increases in cost results 
in a 4.7% decrease in CO2 emissions. For only a slightly higher percent increase in cost, 






































































4.6.6  Simplified Example Four-Span 
Figure 66 shows the results for the multi-objective optimization for the Simplified 
Example four-span beam for ACI. The Pareto fronts follow the same trend as with the 
two-span problem. Figure 67 shows the best solution of 1,000 runs for each value of the 
weighting variable for ACI. Due to an increased solutions space, the best solutions for 
each weighting function for the four-span problem seem to vary more than the three-span 
best solutions. The optimization cannot as easily find the same optimum solution for mul-
tiple different value of the weighting function. Figure 68 shows the Simplified four-span 
Pareto front for EC2. 
 
































Figure 67 Modified Four Span ACI Cost and CO2 
 
Figure 68 Simplified Four Span EC2 Pareto Front  
Figure 69 shows the best solutions for the Simplified four-span problem optimized to 


















































Figure 69 Simplified Four Span EC2 Cost and CO2 
 
Figure 70 Four-Span Simplified EC2 vs ACI Pareto Fronts 
The data in Figure 70 shows that for ACI designs  a 1.0% increase in costs results 
in a 5.6% decrease in CO2 emissions; for the EC2 designs, a 2.9% increases in cost re-
sults in a 4.6% decrease in CO2 emissions. For only a slightly higher percent increase in 




























































5.1       Summary 
 The purpose of this was to optimize RC beams with respect to ACI and EC2 to 
develop low cost and low CO2 designs and compare the results. The Original Example 
was used to compare two, three, and four span ABC results presented by Jahjouh et al. 
(2013) with BB-BC results optimize the same beams. It was found that BB-BC resulted 
in lower overall optimum cost while ABC results it lower average optimum cost. The 
ABC algorithm analyzed many more beams than BB-BC in order to converge on an “op-
timum” solution, therefore although BB-BC did not average better optimum results, its 
rate of convergence is much faster than that of ABC. 
 The Modified Example was the same as the Original Example except for the fact 
that available bar sizes were used instead of the range provided by Jahjouh (2013). 
Beams were optimized to ACI and EC2 and then compared to determine which result in 
lower costs. Due to less required cover and a larger maximum allowable shear spacing, 
EC2 produced lower results on the two, three, and four span problems. EC2 also has a 
more discrete range of smaller bar size than ACI which could also contribute to the lower 
cost due to many more choices of total area for a given row or reinforcement. 
 The Simplified Example was the same as the Modified Example except that ACI 
and EC2 requirements for bar stacking were implemented and the continuous and cutoff 
reinforcements for each span were the same. This decreased the solution space drastically 
from that of the Modified Problem. EC2 again produced lower costs than ACI for the 
same reasons as with the Modified Problem.  
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 The multi-objective problems agree with the results from the Modified and Sim-
plified problems. In both multi-objective examples, EC2 again produced better results 
than ACI. The Pareto fronts for two, there, and four span beams for the Modified and 
Simplified all produced better results with EC2 than ACI. Overall, the results suggest that 
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